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~- ABSTRACT 

The P r e l i m i n a r y  O r b i t  Determinat ion System (PODS) prov ides e a r l y  o r b i t  de ter -  
m ina t i on  c a p a b i l i t y  i n  the  T r a j e c t o r y  Computation and O r b i t a l  Products Sys tem 
(TCOPS) f o r  a Track ing and Data Relay S a t e l l i t e  Sys tem (TDRSSI-tracked space- 
c r a f t .  PODS computes a s e t  o f  o r b i t  s ta tes  from an a p r i o r i  est imate and s i x  
t r a c k i n g  measurements, c o n s i s t i n g  o f  any combination o f  TDRSS range and Doppler 
t r a c k i n g  measurements. PODS uses the  homotopy con t inua t ion  method t o  so lve a 
s e t  o f  non l i nea r  equat ions,  and i t  i s  p a r t i c u l a r l y  e f f e c t i v e  for the  case when 
the  a p r i o r i  est imate i s  n o t  w e l l  known. Since range and Doppler measurements 
produce m u l t i p l e  s ta tes  i n  PODS, a screening technique se lec ts  the  des i red  
s ta te .  

PODS i s  executed i n  the  TCOPS environment and can d i r e c t l y  access a l l  opera- 
t i o n a l  da ta  sets .  A t  t he  complet ion of  the  p r e l i m i n a r y  o r b i t  determinat ion,  
t he  PODS-generated s ta te ,  a long w i t h  a d d i t i o n a l  t r a c k i n g  measurements, can be 
d i r e c t l y  i n p u t  t o  t h e  d i f f e r e n t i a l  c o r r e c t i o n  (DC) process t o  generate an 
improved s ta te .  

To v a l i d a t e  the  computat ional  and opera t iona l  c a p a b i l i t i e s  o f  PODS, t e s t s  were 
performed us1 ng s imulated TDRSS t r a c k i n g  measurements f o r  t h e  Cosmic Back- 
ground Exp lorer  (COBE) s a t e l l i t e  and us ing  r e a l  TDRSS measurements f o r  t he  
Ear th  Rad ia t ion  Budget Sate1 1 i t e  (ERBS) and the  So lar  Mesosphere Explorer  
(SME) spacecra f t .  The e f f e c t s  o f  var ious  measurement combinations, va ry ing  
arc  lengths,  and l e v e l s  o f  degradat ion o f  t he  a p r i o r i  s t a t e  vec to r  on the 
PODS s o l u t i o n s  were  considered. 

I n  t h i s  paper, i t  i s  demonstrated t h a t  a p o o r l y  known a p r i o r i  es t imate  t h a t  
does n o t  converge i n  the  DC process can be improved through PODS process ing,  
r e s u l t i n g  i n  a s o l u t i o n  t h a t  i s  accepted by the  DC process. An overview of 
the  system, t he  t e s t  r e s u l t s ,  and an ana lys i s  o f  these r e s u l t s  a re  presented. 

*This work was supported by the  Nat iona l  Aeronaut ics and Space Admini s t r a t i o n  
(NASAIlGoddard Space F l i g h t  Center (GSFC), Greenbelt, Maryland, under 
Cont rac t  NAS 5-31500. 
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1 .  INTRODUCTION 

The purpose o f  p r e l i m i n a r y  o r b i t  determinat ion methods i s  t o  de r i ve  an o r b i t  
s t a t e  corresponding t o  an a v a i l a b l e  s e t  o f  measurements when, i n i t i a l l y ,  the  
x b i t  s t a t e  i s  n o t  w e l l  known or not  known a t  a l l .  C h a r a c t e r i s t i c a l l y ,  pre- 

1 im ina ry  o r b i t  determi n a t i o n  methods use approximate phys ica l  model s and meas- 
urements c o l l e c t e d  over  a l i m i t e d  timespan, u s u a l l y  l e s s  than one r e v o l u t i o n .  

These methods a re  a necessary p a r t  o f  o r b i t  operat ions procedures. 
expansion a t  the  Nat iona l  Aeronaut ics and Space Admin i s t ra t i on  (NASA) o f  

spacecra f t  t r a c k i n g  from the  ground-based s y s t e m  C i .e . ,  the  Ground Space f l i gh t  
Track ing and Data Network ( G S T D N I I  t o  a s a t e l l i t e  r e l a y  sys tem [ i . e . ,  the  
Track ing and Data Relay S a t e l l i t e  S y s t e m  ( T D R S S I I ,  i t  i s  necessary t o  have a 
r e 1  i ab1 e p r e l  i m i  nary o r b i  t determi n a t i o n  method avai  1 ab1 e i n the  Goddard Space 
F l i g h t  Center (GSFC) F l i g h t  Dynamics D i v i s i o n  (FDD) t h a t  f unc t i ons  w i t h  TDRSS 
t rack ing .  This paper repo r t s  on the development and prov ides an eva lua t i on  o f  

such a method, c a l l e d  the  P re l im ina ry  O r b i t  Determinat ion S y s t e m  (PODS). 

With the 

The remainder o f  t h i s  sec t i on  presents background in fo rma t ion  on p r e l i m i n a r y  

o r b i t  determinat ion,  g ives requirements fo r  PODS, and l i s t s  the  top i cs  covered 
i n  Sect ions 2 through 4 o f  the paper. 

1 . 1  BACKGROUND 

E a r l i e r  p r e l  i m i  nary  o r b i t  de termina t ion  methods i n  the  FDD used angular  
antenna-point ing observat ions c o l l e c t e d  a t  the  ground s t a t i o n s  (Reference 1 ) .  

The c a p a b i l i t y  t o  process these t r a c k i n g  measurements i s  a f e a t u r e  o f  the FDD 

Goddard T r a j e c t o r y  Determinat ion Sys tem (GTDS) E a r l y  O r b i t  Determinat ion 

(EARLYORB) Program (Reference 2 ) .  TDRSS range and Doppler t r a c k i n g  measure- 
ments o f f e r  a p r imary  source o f  t r a c k i n g  support f o r  many spacecra f t  by the 
FDD. However, the open-loop TDRSS angular antenna-point ing measurements (beam 

angles azimuth and e leva t i on )  are too  inaccura te  f o r  use even i n  p r e l i m i n a r y  

o r b i t  determinat ion.  Therefore,  a p r e l i m i n a r y  o r b i t  de termina t ion  method t h a t  
uses the p rec i se  TDRSS range and Doppler t r a c k i n g  e x c l u s i v e l y  i s  requ i red .  The 
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problem i s  b a s i c a l l y  one o f . s o l v i n g  a s e t  o f  non l inear  equat ions,  which spe- 

ci fy t h a t  the  p red ic ted  values o f  the  measurements match the  observed values. 
The homotopy con t inua t ion  method o f  s o l v i n g  non l inear  s y s t e m s  o f  equations i s  
p a r t i c u l a r l y  we1 1 s u i t e d  f o r  p r e l i m i n a r y  o r b i t  de termina t ion  us ing  range and 

Doppler measureents, e s p e c i a l l y  w i t h  inaccura te  o r  even unava i lab le  a p r i o r i  

est imates o f  t he  s o l u t i o n  (Reference 3 and 4 ) .  

1.2 REOUIREMENTS 

PODS s a t i  s f i  e s  the  f o l  low i  ng requ i  rements: 

0 PODS processes p rec i se  TDRSS range and Doppler measurements by one or 
more Track ing and Data Relay S a t e l l i t e s  (TDRSs) .  

0 PODS uses a p r e l i m i n a r y  o r b i t  determinat ion method w i t h  the  a b i l i t y  

t o  overcome an inaccura te  ( o r  no> a p r i o r i  va lue f o r  the  t a r g e t  s t a t e  
t o  be solved f o r .  

f rom TDRSS range and Doppler data.  The f i n a l  s o l u t i o n  i s  accurate 
enough f o r  subsequent t r a c k i n g  a c q u i s i t i o n .  

PODS a l s o  resolves m u l t i p l e  so lu t i ons  t h a t  r e s u l t  

0 PODS i s  operable under the  cu r ren t  F l i g h t  Dynamics F a c i l i t y  (FDF) 

ope ra t i ona l  sys tem,  i . e . ,  the T ra jec to ry  Computation and O r b i t a l  
Products S y s t e m  (TCOPS). PODS i s  f l e x i b l e  i n  accessing the  r e l a y  
s t a t e ( s > ,  the  a p r i o r i  t a r g e t  s ta te ,  and the  t r a c k i n g  measurements 
f rom d i f f e r e n t  a v a i l a b l e  sources of  these data.  

1.3 PAPER ORGANIZATION 

Sect ion 2 o f  t h i s  paper discusses the theory  o f  the  homotopy con t inua t ion  
a lgo r i t hm and i t s  a p p l i c a t i o n  t o  p r e l i m i n a r y  o rb  
descr ibes the  opera t i ona l  use o f  PODS. 

Sect ion 3 o f  the  paper discusses several  evaluat  

t o  t e s t  PODS. These s tud ies  i nc lude  the  e f f e c t s  

t determinat ion.  I t  a l s o  

on s tud ies  t h a t  w e r e  performed 
o f  choosing var ious  a p r i o r i  
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t a r g e t  s ta tes ,  da ta  a rc  lengths,  and da ta  types i n  ob ta in ing  d i f f e r e n t  s ta tes .  
I t  i s  demonstrated t h a t  t he  f i n a l  t a r g e t  s t a t e  s o l u t i o n  se lected by PODS i s  
good enough t o  be success fu l l y  used by the  GTDS D i f f e r e n t i a l  Cor rec t i on  (DC) 
Program as an a p r i o r i  t a r g e t  s t a t e  vec tor .  

Sect ion 4 reviews the  r e s u l t s  from the  eva lua t ion  s tud ies ,  prov ides a con- 
c l u s i o n  summary, and l i s t s  f u t u r e  enhancements f o r  PODS. 

2. THEORY AND APPLICATION OF PRELIMINARY ORBIT DETERMINATION METHODS 

A 

The bas ic  equat ion t o  be solved t o  o b t a i n  the  t a r g e t  s t a t e  vec tor ,  X, r e l a t e s  
the  measured va lue o f  t he  range or Doppler data, Oi, t o  the  modeled value, 
Ci, as fo l l ows :  

& 

oi - Ci(X) = 0 (i = 1 ,  2, ..., 6) 

a 

There a re  s i x  equat ions f o r  t he  s i x  unknown components o f  X, u s u a l l y  t he  space- 

c r a f t  p o s i t i o n  and v e l o c i t y  i n  Car tes ian coord inates a t  a s p e c i f i e d  epoch. For 
simp1 i c i  ty,  the  model ed values are  determi ned from geometr ica l  d i  stances w i  th-  
o u t  atmospheric and measurement co r rec t i ons .  

A procedure f o r  s o l v i n g  Equation ( 1 )  was developed us ing  the  homotopy cont inua- 
t i o n  method; t h i s  procedure i s  descr ibed i n  Sect ion 2.1. Sec t ion  2.1 a l s o  con- 
t a i n s  a d iscuss ion  o f  t he  m u l t i p l e  so lu t i ons  t h a t  a r i s e  f rom TDRSS symmetry i n  

the  range and Doppler measurements and presents a method f o r  screening the  
candidate so lu t i ons .  Sect ion 2.2 o u t l i n e s  the  opera t iona l  use of PODS under 

TCOPS . 
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2.1 HOMOTOPY CONTINUATION METHOD 

A general way t o  so lve Equations ( 1 )  i s  the homotopy 

t h i s  method, a continuous mapping parameter, X ,  i s  f 
f o l  1 ows : 

con t inua t ion  method. I n  

r s t  in t roduced as 

0 1 0 0 ; :  Oi + X (oi - oi 1 (i = 1, 2 ,  ..., 6) 

0 
where Oi = modeled measurement corresponding t o  the a p r i o r i  es t ima te ,To  

a 1 Oi = r e a l  measurement a t  the unknown s o l u t i o n  s t a t e  X1 

The q u a n t i t y  X must then be solved f o r  from 

a 

(i = 1,  2 ,  ..., 6) (3) oi x - Ci(X) = 0 

by f o l l o w i n g  the  s o l u t i o n  curve i n  the  seven-dimensional ( X ,  % space, s t a r t i n g  
a t  X = 0, keeping t r a c k  o f  each s o l u t i o n  whenever X = 1 along the  curve. 

As  an a i d  i n  v i s u a l i z i n g  the  s o l u t i o n  curve, F igure  1 shows i t s  p r o j e c t i o n  onto 

the  X-z plane, where z i s  the  t h i r d  Car tes ian component o f  p o s i t i o n ,  f o r  a 
t y p i c a l  o r b i t  (Reference 3 ) .  The curve- fo l low ing  begins a t  t he  p o i n t  marked 
i n i t i a l  s t a t e ,  where X = 0, and then passes through four so lu t i ons  along t h e  

l i n e  a t  X = 1 be fore  r e t u r n i n g  t o  the  s t a r t .  Since t h i s  i s  a smooth curve 
embedded i n  seven-dimensional space, the  apparent ly  sharp changes and in te rsec -  

t i o n s  i n  the  f i g u r e  do no t  r e a l l y  e x i s t  bu t  r e s u l t  from the p r o j e c t i o n  onto 
the X-z plane. 

The f o l l o w i n g  i s  a b r i e f  summary o f  the procedure f o r  f o l l o w i n g  s o l u t i o n  curves 

(Reference 3 ) :  

0 Given the  a p r i o r i  s t a t e  a t  X = 0 as the  f i r s t  p o i n t ,  a boots t rap  

s t a r t e r  i s  used t o  develop the  second p o i n t  on the  s o l u t i o n  curve. 
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Figure 1. P ro jec t i on  o f  So lu t i on  Curve Onto A-z Plane 

A p r e l i m i n a r y  value f o r  the  next  step s i ze  change i s  selected.  

The nex t  curve p o i n t  along the  arc  i s  p red ic ted  by f i t t i n g  a po ly-  
nomial t o  the  previous N backpoints ( p r e d i c t o r  step) ( s e e  F igure 2 ) .  

The Newton-Raphson method i s  used t o  i t e r a t i v e l y  r e f i n e  the  p red ic ted  

s t a t e  t o  the  cor rec ted  s t a t e  along the  hyperplane l o c a l l y  perpendicu- 
l a r  t o  the  ex t rapo la t i ng  polynomial a t  the  p red ic ted  s t a t e  ( co r rec to r  

s tep) .  

The new p o i n t  i s  discarded and the  step s i z e  i s  corrected,  or the  new 

p o i n t  i s  accepted and a check i s  made t o  see i f  any candidate s o l u t i o n  

s ta tes  have been determined a t  X = 1. 
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F igure  2. Pred ic to r -Cor rec tor  Technique f o r  Fo l low ing  a So lu t i on  Curve 

0 I f  t h e  s o l u t i o n  curve has re tu rned t o  i t s  s t a r t ,  t he  procedure i s  t e r -  
m i  nated. 

Usua l l y  t h e r e  a re  m u l t i p l e  so lu t i ons  a t  X = 1, as seen, for  example, i n  Fig- 
u re  1.  So lu t i ons  1 and 3 (and so lu t i ons  2 and 4) are  m i r r o r  images o f  each 
o t h e r  i n  the  TDRS o r b i t  plane.' 
m e t r y  o f  range and Doppler data f o r  TDRSS t r a c k i n g  (Reference 3 ) .  
which o f  the  s o l u t i o n s  i s  co r rec t ,  a s o l u t i o n  screening a l g o r i t h m  i s  requ i red .  
Some s o l u t i o n  candidates can be r e j e c t e d  because they a re  n o t  p h y s i c a l l y  cor- 
r e c t ,  for example, when the  semimajor ax is ,  e c c e n t r i c i t y ,  o r  i n c l i n a t i o n  i s  no t  
w i t h i n  the  a l lowed l i m i t s  for a p a r t i c u l a r  t a r g e t ' s  o r b i t .  

These m u l t i p l e  so lu t i ons  a re  due t o  the  sym- 
To determine 

Usua l l y  t he  

lThe TDRS o r b i t  p lan  n e a r l y  co inc ides w i t h  the  x-y plane. Thus, the  m i r r o r  
image so lu t i ons ,  ev ident  i n  the  p r o j e c t i o n  o f  the  s o l u t i o n  curve on to  the  X-z 
plane i n  F igure  1, a re  n o t  apparent i n  s i m i l a r  p r o j e c t i o n s  on to  the  X-x and 
A-y planes. 
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candidate so lu t i ons  are no t  near each o ther .  TDRSS beam angles, which approx i -  

mate ly  l oca te  the  ac tua l  o r b i t ,  can then be used t o  r e j e c t  most candidates,  
e s p e c i a l l y  one o r  both o f  the  mirror-image s o l u t i o n  p a i r s .  

When no so lu t i ons  are  accepted by the screening process and the  candidate solu- 
t i o n s  a re  no t  pa i red  by m i r r o r  images, a second s o l u t i o n  loop e x i s t s  t h a t  i s  
the  m i r r o r  image o f  the  f i r s t ;  t h i s  s o l u t i o n  loop may conta in  the  des i red  solu- 
t i o n .  Consequently, each candidate so lu t i on ,  as w e l l  as i t s  m i r r o r  image, i s  

checked du r ing  s o l u t i o n  screening. 

The homotopy con t inua t ion  method can be f u r t h e r  genera l ized (Reference 3) t o  
conta i  n up t o  s i x  c o n t i  nuat ion  parameters (1,) and mu1 t i  p l  e d i  sconnected 
loops. For an inaccura te  va lue o f  the a p r i o r i  t a r g e t  s t a t e  t h a t  l i e s  on one 

loop, t h i s  genera l i zed  method a l lows jumping from one loop t o  another a t  c r i -  
t i c a l  p o i n t s  i n  the  search f o r  candidate so lu t i ons  a t  Xn = 1 .  

2.2 OPERATIONAL USE OF PODS 

To use PODS o p e r a t i o n a l l y  f o r  an event associated w i t h  a p a r t i c u l a r  t a r g e t ,  
s p e c i f i c  steps are  fo l lowed p r i o r  t o  and immediately a f t e r  the  event. 
p r e l i m i n a r y  steps i nc lude  s e t t i n g  up sources f o r  observat ions,  r e l a y  s ta tes ,  
and the  a p r i o r i  t a r g e t  s ta te ;  generat ing a gener ic  l i s t  of i n p u t  parameter 
values; and a l l o c a t i n g  ou tpu t  f i l e s  f o r  summary r e p o r t s  and the  t a r g e t  solu- 
t i o n .  Immediately a f t e r  the  event, the operator  s e l e c t s  values f o r  the solu- 
t i o n  epoch, t he  observat ions,  the  a p r i o r i  t a r g e t  s ta te ,  the  r e l a y  s ta te ,  and 

the  i n p u t  parameters. 
t i o n s  f o r  these and a d e s c r i p t i o n  o f  the opera t iona l  s teps. )  

The 

(See Reference 5 f o r  d e t a i l e d  requirements spec i f i ca -  

PODS i s  then executed o p e r a t i o n a l l y  w i t h i n  the TCOPS U s e r  I n t e r f a c e  ( U I )  en- 

v i ronment.  F igure  3 shows an overview o f  the system and i t s  ope ra t i ona l  en- 

v i  ronment, i n c l u d i n g  a1 1 requi  red i n p u t  and output  i nter faces .  The foreground 

and background d i v i s i o n s  i n  t h i s  f i g u r e  i n d i c a t e  the modes o f  execut ion o f  the 

two separate p a r t s  o f  the  system. 
i s  g iven i n  Reference 6.) 

( A  more d e t a i l e d  d e s c r i p t i o n  o f  the s y s t e m  
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F i g u r e  3 .  O p e r a t i o n a l  PODS Under TCOPS 
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3. EVALUATION STUDIES 

PODS was evaluated t o  determine i t s  s t rengths and weaknesses i n  c a l c u l a t i n g  
t a r g e t  s ta tes  under var ious cond i t ions  f o r  d i f f e r e n t  t a rge ts .  
f o u r  goals formed the  bas is  o f  the PODS eva lua t ion  s tud ies :  

The f o l l o w i n g  

1. Determine whether so lu t i ons  can be found f o r  a p r i o r i  s ta tes  o f  
var ious  q u a l i t y ,  such as the  f o l l o w i n g :  

a. Near ly  Exact--Very c lose  t o  the  ac tua l  s t a t e  

b. Good--Usually ex t rac ted  from the  TCOPS Vector Hold F i l e  

c. Poor--Usually degraded by long two-body propagat ion o f  a good 

s t a t e  

d. Generic--Typical values fo r  the  semimajor ax i s ,  e c c e n t r i c i t y ,  
and i n c l i n a t i o n  o f  the  o r b i t  

2.  Ascer ta in  the  l i m i t a t i o n s  based on data a rc  length .  Determine whether 

This quest ion i s  o f  major con- there  i s  a breakdown f o r  shor te r  arcs.  
cern, because t y p i c a l  TDRSS t rack ing  f o r  the  Landsat-4 and Landsat-5 
spacecraf t  cons is ts  of 9- t o  24-minute passes, w i t h  passes separated 
by a t  l e a s t  one r e v o l u t i o n  o f  99 minutes, and f o r  the  Ear th  Radiat ion 
Budget S a t e l l i t e  (ERBS) cons is ts  o f  9- t o  14-minute passes, w i t h  

passes separated by a t  l e a s t  two revo lu t i ons  o f  96.7 minutes each. 
This t r a c k i n g  schedule requ i red  PODS t o  succeed f o r  sho r t  a rcs .  
t r a c k i n g  o f  the So lar  Mesosphere Explorer  (SME) spacecra f t  cons is ts  
of 10- t o  65-minute passes f o r  a 95-minute r e v o l u t i o n .  

TDRSS 

3. Determine how successful  var ious combinations o f  data a re  (e.g., a l l  
range, a l l  Doppler, mixed range and Doppler) .  

226 



4 .  Resolve two issues f o r  the f i n a l  t a r g e t  s t a t e  c a l c u l a t e d  i n  PODS: 

GOOD 
GOOD 

GOOD 

GENERIC 

GENERIC 

POOR 

GOOD 

a. Demonstrate the e f fec t i veness  o f  PODS by showing t h a t  i t  can 

determine a s o l u t i o n  f o r  the  t a r g e t  s t a t e  f rom an a p r i o r i  state 
f o r  which the  GTDS DC Program cannot o b t a i n  a s o l u t i o n  s t a t e .  
A lso  show t h a t  t h i s  PODS s o l u t i o n  ac ts  as a successful  a p r i o r i  
s t a t e  i n  the  DC Program. 

2 (1 -1 
1 (NEAR D) 
1 (NEAR D. BUT 

T o o  ECCENTRC) 

4 (1 GOOD) 

4 (1 GOOD) 

4 (UNPHYSICAL) 

4 (1 GOOD) 

b. Determine whether screening o f  candidate so lu t i ons  i s  e f f e c t i v e  
by us ing  TDRSS beam angle and phys ica l  cons idera t ions .  

ERBS 

ERBS 

Several PODS execut ions w e r e  made t o  e s t a b l i s h  the  f e a s i b i l i t y  o f  these goals;  
these execut ions a re  summarized i n  Table 1 .  Three t a r g e t  spacecraf t  w e r e  ana- 
lyzed: COBE (us ing  simulated data f o r  December 21, 1987); ERBS (us ing  r e a l  

11/3011)7; oh 11 
11 

11 

11 

11 

12/16/87;Oh 12 

12 

12 

Tab1 e 1.  PODS Eva1 u a t i o n  Executions Us! ng the  Homotopy Cont i  nuat ion  Method 

4 (1 GOOD) 

4 (UNPHYSICAL) 

4(UNPHYSICAL) 
4(UNPHYSlCAL) 

I I 

$ 
4 

SOCUTIONS A PRIORI STATE I I 

m 
6D 

3R. 30 

4R, 2D 
2R. 4D 

bA. 2 4  2E 

80 
4R. 2D. 2A. 2E 

GENERC 
GENERC 
GENERC 

GENERC 
GENERC 

GENERC 

, GENERIC 
GENERC 

4 (UNPHYSICAL) 
4 (NEAR R) 

4 (1 ~0001  

4 (1 GOOD) 

20-50 

50 

30 

40.50 

50 

50 

50 

50 

60 
80 
€R 

SR. 2 4  2E 
BR. 2 4  2E 

2R 4D 

3R 3D 

4R 2 0  

GENEWC 
GOOD 
GOOD 

GOOD 

GENERC 
GOOD 

Go00 

GOOD 

4 (1 GOOD) 
4 (1 GOOD) 

4 (UNPHYSICAL) 

NOTE: DATA TYPES: A I AZIMITH; E I ELEVATION; D I M)ppLER; R - RANGE 
*PROGRAM UNABLE TO =TE CALCULATIONS 
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d a t a  f o r  A p r i l  10, 1986; November 30, 1987; and December 16, 1987); and SME 
( u s i n g  r e a l  d a t a  f o r  January 14, 1988). Data a r c  l e n g t h s  ranged f rom s h o r t  
(11 t o  20 minutes)  t o  l o n g  (30 t o  50 m inu tes ) .  Data types i n c l u d e d  range ( R ) ,  

Doppler  (D) ,  az imuth ( A ) ,  and e l e v a t i o n  ( E ) ,  where azimuth and e l e v a t i o n  a r e  
t h e  TDRSS beam angles used t o  screen cand ida te  s o l u t i o n s .  

by  TDRS-East (TDRS-E), except  f o r  s imu la ted  COBE data,  where TDRS-West (TDRS-W) 

t r a c k i n g  i s  speci  f i  c a l  l y  noted. 

Relay t r a c k i n g  was 

The t a r g e t  a p r i o r i  s t a t e  q u a l i t y  ( g e n e r i c ,  poor,  good, n e a r l y  e x a c t )  i s  a l s o  
i n d i c a t e d  i n  Table 1 .  The g e n e r i c  s t a t e  u s u a l l y  c o n s i s t s  o f  va lues f o r  t h e  
semimajor a x i s  (a) ,  e c c e n t r i c i t y  (e) ,  and i n c l i n a t i o n  (i) t y p i c a l  o f  t h e  t a r -  
g e t ,  as w e l l  as va lues  o f  z e r o  f o r  t h e  rema in ing  c l a s s i c a l  o r  K e p l e r i a n  e l e -  
ments C i . e . ,  r i g h t  ascension o f  t h e  ascending node (n), argument o f  p e r i g e e  
( w ) ,  and mean anomaly ( M I ] .  

A good a p r i o r i  s t a t e  v e c t o r  can be e x t r a c t e d  f rom a TCOPS V e c t o r  Ho ld  F i l e ,  
where t h e  v e c t o r  was pregenerated f rom a GTDS DC s o l u t i o n .  
a p r i o r i  s t a t e  ( a l t h o u g h  n o t  i n c l u d e d  i n  t h e  t a b l e )  leads t o  a breakdown o f  t h e  
equa t ions  i n  t h e  homotopy c o n t i n u a t i o n  method (Reference 3).  A p o o r - q u a l i t y  

a p r i o r i  s t a t e  can be e s t a b l i s h e d  by  a two-body p r o p a g a t i o n  o v e r  a l o n g  p e r i o d ,  
such as 24 hours.  

A n e a r l y  exac t  

The l a s t  column i n  Table 1, SOLUTIONS, l i s t s  a l l  un ique  s o l u t i o n s  f o r  each case 

i n  t h e  t a b l e .  O c c a s i o n a l l y ,  t h e  same s o l u t i o n  i s  repeated w h i l e  t h e  s o l u t i o n  
l o o p  i s  b e i n g  f o l l o w e d ,  b u t  t h i s  r e p e t i t i o n  i s  n o t  i n d i c a t e d  i n  t h e  t a b l e .  
T y p i c a l  f e a t u r e s  o f  unphys i ca l  ( r e j e c t e d )  s o l u t i o n s  no ted  i n  t h i s  column a r e  
u n r e a l i s t i c  semimajor a x i s ,  e c c e n t r i c i t y ,  i n c l i n a t i o n ,  apogee, or p e r i g e e .  

The remainder  o f  t h i s  s e c t i o n  d iscusses t h e  r e s u l t s  f o r  ERBS and SME f rom t h e  
p e r s p e c t i v e  of t h e  e v a l u a t i o n  goa ls .  

p r i o r i  t a r g e t  s t a t e  ( S e c t i o n  3.1),  d a t a  a rc  l eng ths  ( S e c t i o n  3 . 2 1 ,  d a t a  t ype  

combinat ions ( S e c t i o n  3.31, and f i n a l  t a r g e t  s t a t e  ( S e c t i o n  3.4).  

The t o p i c s  covered a r e  as f o l l o w s :  a 
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3.1 A PRIORI TARGET STATE 

T h e  poss 
ta rge t  s 
s t a r t i  ng 
a p r i o r i  

b i l i t y  of generat ing so lu t ions  f o r  various values of t h e  a p r i o r i  
a t e  was s tudied .  T h e  p r inc ipa l  example was a long SME data arc 
a t  0 hours, 36 minutes, on January 14, 1988 (Figure 4 ) .  T h e  good 
t a r g e t  s t a t e  vector,  ex t r ac t ed  from the  TCOPS Vector Hold F i l e ,  was 

previously generated by executing the  GTDS DC Program using a good o r b i t  
propagator.  Because the  da ta  a rc  was within 2 hours o f  t h e  a p r i o r i  s t a t e  
epoch and the  f i n a l  s t a t e  epoch, there was no appreciable  degradation from 

L 3 

Figure 4. SME Orbi t  as  Seen From TDRS-E on January 
From 0 t o  2 Hours 
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1/14/88 - - - - - - .  
1 0:36 
2 0:40 
3 0:50 
4 l :oo 
5 1: lO 
6 1:20 
7 1:30 
8 1:40 

L 2 
aY 

L" 
(0 m 
0 
In 

14, 1988, 



u s i n g  a two-body o r b i t  p ropaga to r  i n  PODS f o r  t h e  t a r g e t .  
c o o r d i n a t e s  f o r  b o t h  t h e  good and gener i c  a p r i o r i  t a r g e t  s t a t e s  a r e  g i v e n  i n  
Table 2, which summarizes t h e  success s t a t u s  f o r  PODS s o l u t i o n s .  

good and g e n e r i c  s t a t e s  w e r e  success fu l  and g i v e  i d e n t i c a l  s o l u t i o n s  f o r  t h e  

f o u r  Doppler  d a t a  a rcs  g i v e n  i n  t h e  t a b l e .  

succeeded f o r  l o n g e r  a r c s  o f  range data.  
f o r  t h e  semimajor a x i s ,  i n c l u d i n g  a r e d u c t i o n  f rom 8000 t o  7500 k i l o m e t e r s ,  

b u t  were unsuccessfu l .  

Values i n  K e p l e r i a n  

Both t h e  

On ly  t h e  good a p r i o r i  t a r g e t  s t a t e  
D i f f e r e n t  gener i c  va lues w e r e  t r i e d  

A PRIORI 
TARGET 
STATE 

When an a priori  t a r g e t  s t a t e  has a v a l u e  c l o s e  t o  t h e  s o l u t i o n  s t a t e ,  t h e  
homotopy c o n t i n u a t i o n  a l g o r i t h m  breaks down (Reference 3). 
observed when, f o r  a n e a r l y  exac t  a p r i o r i  va lue ,  t h e  c o r r e c t  f i n a l  s t a t e  was 
immed ia te l y  determined, b u t  t h e  s o l u t i o n  cu rve  i n  t h e  seven-dimensional 

(1, % space d i d  n o t  c l o s e  w i t h i n  s p e c i f i e d  t o l e r a n c e s .  

T h i s  e f f e c t  was 

SUCCESS STATUS FOR PODS SOLUTIONSa 

RANGODOPPLER 
DOPPLER DATA ARC RANGE DATA ARC DATA ARC 

(minutes) (minutes) (minutes) 

20 30 40 50 30 40 50 50 

Tab le  2 .  S t a t e  o f  PODS S o l u t i o n s  f o r  Va r ious  SME a P r i o r i  
Ta rge t  S t a t e s  on January 14, 1988, a t  0 Hours 

 GENERIC^ w m 
0 In 

Y Y Y Y N N N N 

Y Y Y Y N Y Y N 

aY = SUCCESSFUL: N = NOTSUCCESSNL 
bGoOD A PRIORI TARGET STATE: 

a = 6872 kilometers; e = 0.00079; i = 97.8 degrees: 
S2 = 20.1 degrees; o - 301.7 degrees; M = 157.6 degrees 

GENERIC A PRIORI TARGET STATE: 
a = 8000 kilometers; e = 0.01; i = 100 degrees; 
Q -0degree;o -0degree; M=Odegree 
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3.2 DATA ARC LENGTHS 1 
I The cont inuous ly  t racked SME data a rc  o f  62 minutes du ra t i on  on January 14, 

1988, was used t o  s tudy the  e f f e c t s  o f  a rc  lengths f rom 20 minutes t o  50 min- 
u tes i n  10-minute jumps. So lu t ions  for these data arcs a re  presented i n  
Table 3 f o r  range and Doppler t rack ing .  

t he  sho r tes t  a rc  s tud ied,  20 minutes, had dropped by over  50 k i l omete rs  i n  i t s  
per igee from the  ac tua l  va lue and would have been f u r t h e r  degraded for shor te r  

The s o l u t i o n  us ing  Doppler data a t  
i 

DATA ARC 
LENG,,a 

20 

30 
40 
40 
50 

arcs.  

very  low per igee o f  279 k i lometers .  

The range data s o l u t i o n  a t  40 minutes was poor 

a I n u M DATA APOGEE PERIGEE 
TYPEb (kllometem) (kllometem) (kilometers) e (degrees) (degrees) (degrees) (degrees) 

D 499 422 6839 0.0056 96.9 20.5 85.0 14.1 

D 516 460 6866 0.0041 97.5 20.3 78.4 20.5 

D 566 519 6921 0.0034 98.2 20.0 8.4 

R 485 279 6760 0.0153 98.6 19.6 150.6 299.9 g 
D 569 517 6921 0.0037 98.1 20.0 9.9 90.3 

91.6 ? 

Short-arc s tud ies  w i t h  ERBS ( s e e  Table 1)  showed t h a t  
could be obta ined (e.g., the  12-minute range and Dopp 

as i s  r e f l e c t e d  i n  i t s  

sometimes good so lu t i ons  
e r  da ta  arcs on 

December 16, 1987, and the  18-minute range and Doppler da ta  arcs on A p r i l  10, 

1986). However, a t  o the r  t i m e s ,  poor so lu t i ons  were determined (e.g., the  
11-minute range and Doppler data arcs on November 30, 1987, where both solu- 
t i o n s  were  s l i g h t l y  unphys ica l ) .  

Table 3. SME So lu t ions  f o r  Various Data Arcs 
on January 14, 1988, a t  0 Hours 

aSELECTED DATA ARE NEARLY UNIFORMY DISTRIBUED WITHIN EACH ARC 
 DATA TYPES: 

D -DOPPLER 
R-RANGE 



Previous s tud ies  (Reference 7) o f  SME showed t h a t  so lu t i ons  became s i g n i f i -  
c a n t l y  degraded f o r  data arcs o f  l e s s  than one-quarter o f  a r e v o l u t i o n ,  because 
the equat ions t h a t  had t o  be solved became i n c r e a s i n g l y  i l l c o n d i t i o n e d .  This 

l i m i t  i s  approximately 24 minutes f o r  SME and ERBS. 
t h a t  i n  several  cases accurate r e s u l t s  were obta ined f o r  ERBS f o r  much sho r te r  
arcs ( s e e  Sect ion 3.41, wh i l e  SME r e s u l t s  were i n  general agreement w i t h  the  
prev ious f i n d i n g s .  

The cu r ren t  s tud ies  showed 

3.3 DATA TYPE COMBINATIONS 

The q u a l i t y  o f  s o l u t i o n  s ta tes  for var ious data types ( a l l  range, a l l  Doppler, 
or mixed range and Doppler) va r ies  according t o  the  p a r t i c u l a r  spacecra f t  con- 
d i t i o n s .  For the  th ree  sho r t  arcs s tud ied  w i t h  ERBS, two arcs y i e l d e d  good 

s ta tes  for  the  separate Doppler and range t rack ing ,  bu t  the  t h i r d  gave unphys- 
i c a l  s ta tes .  Unphysical or no s o l u t i o n  s ta tes  w e r e  found f o r  mixed range and 

Doppler t r a c k i n g  i n  a l l  t h ree  arcs.  The long arc  for COBE was a l s o  successful  
i n  determin ing good s ta tes  f o r  separate range and Doppler t r a c k i n g .  

SME s o l u t i o n  s ta tes  f o r  Doppler-only data w e r e  more s t a b l e  over sho r te r  arcs 
than f o r  range-only data w i t h  the  January 14, 1988, a rc  ( s e e  Table 2); however, 
the  reverse was found f o r  the December 9, 1984, a rc  (Reference 7 ) .  I n  both 
cases, the  mixed range and Doppler so lu t i ons  w e r e  the  l e a s t  s a t i s f a c t o r y .  

3.4 FINAL TARGET STATE 

A t e s t  was success fu l l y  conducted t o  demonstrate the pr imary  f u n c t i o n  o f  PODS 

f o r  hand l ing  o r b i t  recovery when minimal data a re  a v a i l a b l e  and the a p r i o r i  
t a r g e t  s t a t e  vec to r  i s  n o t  known w i t h  c e r t a i n t y  o r  w i t h  s u f f i c i e n t  accuracy 

f o r  t he  DC Program t o  perform adequately. An 18-minute data a rc  f o r  ERBS on 
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A p r i l  10, 1986, was se lected f o r  the  t e s t .  The a p r i o r i  s t a t e  se lected had 
the  gener ic  value, g iven i n  Kep ler ian  elements, as fo l l ows :  

a = 8000 k i l omete rs  
e = 0.01 
i = 45 degrees 

I ; 2 = m = M =  0 dzgree 

Resul ts  f o r  a l l - ranse  data are shown i n  F igure 5. The DC Program could no t  
generate a s o l u t i o n  us ing  the  gener ic  s t a t e  vec tor  and a 4-hour arc  cons is t i ng  
o f  two 18-minute passes. However, a f t e r  PODS generated a s t a t e  vec tor  from 
the  gener ic  a p r i o r i  s t a t e  and an 18-minute pass, the  DC program success fu l l y  
used the  PODS s o l u t i o n  as an a p r i o r i  t a r g e t  s t a t e  and ca l cu la ted  a f i n a l  
t a r g e t  s t a t e  f o r  t he  4-hour a rc  us ing  a l l - range data. This t a r g e t  s ta te ,  i n  
tu rn ,  was success fu l l y  used i n  a d i f f e r e n t i a l  c o r r e c t i o n  over  a 21-hour a rc .  

S i m i l a r  r e s u l t s  were  obta ined by s t a r t i n g  w i t h  the  gener ic  a p r i o r i  t a r g e t  
s t a t e  and a1 1-Doppl e r  measurements 'over the o r i  g i  na l  18-mi nute arc ,  and then 
us ing  the  PODS s o l u t i o n  f o r  the  a p r i o r i  t a r g e t  s t a t e  and 4 hours o f  mixed 

range and Doppler data i n  the  DC Program. 

A second f e a t u r e  t h a t  can be analyzed w i t h  t h i s  ERBS 18-minute data a rc  i s  the  

m u l t i p l i c i t y  o f  so lu t i ons  and t h e i r  reso lu t i ons  by TDRSS beam angle screening. 
The four  candidate so lu t i ons  generated by PODS from the  range data and the  
gener ic  a p r i o r i  t a r g e t  s t a t e  a re  l i s t e d  i n  Table 4. Each candidate s o l u t i o n  
was used t o  p r e d i c t  TDRSS beam angles f o r  comparison w i t h  the  recorded beam 

angles. 
a s p e c i f i e d  to le rance.  So lu t ions  1 and 3 a re  m i r r o r  images o f  each o the r  i n  

the  TDRS o r b i t  p lane, as a re  so lu t i ons  2 and 4. 
t i c  o f  TDRSS range and Doppler measurements i n  o r b i t  de termina t ion  ( s e e  Sec- 
t i o n  2.2) .  

A s o l u t i o n  was accepted whenever the two s e t s  o f  values agreed w i t h i n  

This symmetry i s  charac ter is -  

Since the  TDRS o r b i t  i s  i n c l i n e d  s l i g h t l y  t o  the  E a r t h ' s  equator ia l  
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F i g u r e  5. Use  o f  PODS To A i d  i n  t h e  Recovery o f  t h e  TDRSS-Tracked 
ERBS T a r g e t  on A p r i l  10, 1986 

A PRIORI 

Table 4. ERBS Candidate S o l u t i o n s  Using Range Data on A p r i l  10, 1986 

ERBS CANDIDATE SOLUTIONS' 

ELEMENTS TARGET 
STATE 

7920 
0 
0 

0.0 

5.04 
5.04 

1702 
1542 
8000 
0.01 
45 
0.0 

0.0 

0.0 

x (kilometers) 

y (kilometers) 

z (kilometers) 

3 (kilomelerskecond) 

$ (kilometerslsecond) 

i (kiloirnetedsecond) 

SOLUTION 
1 

2892 
-2718 
-5715 
4.27 
6.19 

- 0.80 

588 
554 
6949 

0.00248 
55.9 
59.5 
142.1 
120.4 

APOGEE (kilometers) 

PERIGEE (kilometers) 

a (kilometers) 

e 

i (degrees) 

(degrees) 

(degrees) 

M (degrees) 

SOLUTION 
2 

5406 
3269 
5219 
-1.05 
-5.23 
4.42 

1825 
1609 
8095 

0.0134 
115.9 
54.8 
247.3 
157.2 

SOLUTION 
3 

3047 
1824 
5581 
4.29 
6.18 
6.80 

588 
554 
6949 
0.00248 
54.0 
239.6 
322.0 
120.4 

SOLUTION 
4 

5262 
3368 

-5304 
-1.18 
-5.15 
-4.49 

1825 
1609 
8095 
0.0134 
114.0 

234.9 
67.4 
157.2 

- 
N 

t 
a 
4 
8 
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SOLUTION 1 WAS SELECTED BY TDRSS BEAM ANGLE SCREENING. 



plane and i s  s l i g h t l y  eccent r i c ,  the  m i r r o r  image s o l u t i o n  p a i r s  i n  Car tes ian 

coord inates i n  Table 4 approximately obey the fo l l ow ing :  

. a 
z -+ -2, z -+ -z 

When so lu t i ons  
range t r a c k i  ng, 
o ther .  To reso 
i n g  the  c o r r e c t  

and 3 became the a p r i o r i  s ta tes  i n  DC Program runs w i t h  TDRSS 

the  corresponding DC so lu t i ons  were  a l s o  m i r r o r  images o f  each 

ve t h i s  ambigui ty,  a d d i t i o n a l  i n fo rma t ion  i s  needed f o r  s e l e c t -  
s o l u t i o n .  The TDRSS beam angle screening i n  PODS s e l e c t  

s o l u t i o n  1 .  Solu t ions  2 and 4, e a s i l y  r e j e c t e d  by beam angle screening, 
a l s o  i n v a l i d  s ince they are  too  energet ic ,  w i t h  values f o r  the  semimajor 
t h a t  a re  t o o  l a r g e  ( r e f l e c t i n g  the d e l i b e r a t e l y  chosen too- large a p r i o r  
value) . 

d 

are 
ax i  s 

4. CONCLUSIONS 

This sec t i on  summarizes the  eva lua t ion  s tud ies descr ibed i n  t h i s  r e p o r t  (Sec-  
t i o n  4.1) and discusses the  conclusions drawn (Sect ion 4.2).  I n  add i t i on ,  
f u t u r e  enhancements t o  PODS are o u t l i n e d  (Sect ion 4.3).  

4.1 EVALUATION SUMMARY 

The eva lua t i on  s tud ies  demonstrated, through var ious examples, the  f o l l o w i n g  
p o i n t s :  

0 Good and sometimes gener ic  values f o r  the a p r i o r i  s t a t e  vec to r  l e d  

t o  the  c o r r e c t  PODS so lu t i ons .  

23 5 



0 Shorter  da ta  arcs were  more unstable,  b u t  the  c u t o f f  va r ied  on a 
case-by-case bas is .  

a Range-only and Doppler-only data were more s tab le  than mixed range 

and Doppler data.  

0 S o l u t i o n  screening by TDRSS beam angl e s  and phys ica l  cons idera t ions  
could s e l e c t  a v a l i d  s o l u t i o n  from m u l t i p l e  candidates. 

4.2 CONCLUSIONS 

The d i f f e r e n t  k inds  o f  PODS examples g iven i n  t h i s  s tudy reveal  t h a t  PODS pro- 
v ides TDRSS t r a c k i n g  capabi 1 i ty  i n  p r e l  i m i  nary  o r b i t  determi n a t i o n  as a stand- 
alone u t i l i t y  under TCOPS. PODS uses the  powerful  homotopy con t inua t ion  method 
w i t h  a l i m i t e d  number o f  measurements and a degraded a p r i o r i  t a r g e t  s t a t e  t o  
determine candidate so lu t i ons  from which the  appropr ia te  s o l u t i o n  i s  ext rac ted  
by s o l u t i o n  screening. I n  add i t i on ,  PODS i s  ab le  t o  generate a s o l u t i o n  t h a t  

can be used t o  recover  an o r b i t  f o r  
GTDS DC Program may f a i l .  Some l i m  
through f u t u r e  enhancements. 

4.3 FUTURE PODS ENHANCEMENTS 

. an event when o the r  s y s t e m s  such as the  
t a t i o n s  t h a t  remain i n  PODS can be reso ved 

Future enhancements t o  PODS t h a t  a re  being developed or  considered inc luded 
the  f o l  1 ow! ng: 

0 Improving the  s o l u t i o n  by tak ing  the  se lec ted  s o l u t i o n ,  which was gen- 

erated us ing  a two-body o r b i t  propagator,  and r e f i n i n g  i t  by us ing  a 
more accurate propagator along w i t h  a l i g h t - t i m e  c o r r e c t i o n  a lgo r i t hm 
(Reference 3) 

0 Genera l i z ing  the  homotopy cont inuat ion  a lgo r i t hm t o  a l l o w  f o r  jumping 

from an a p r i o r i  t a r g e t  s t a t e  loop t o  a s o l u t i o n  loop, when necessary 

(Reference 3) 
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0 Ex tend ing  TDRSS beam ang le  sc reen ing  f rom range d a t a  t o  Doppler  da ta  

0 A l l o w i n g  f o r  ground-only and combined g r o u n d l r e l a y  t r a c k i n g  o f  t h e  

t a r g e t  
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